An excessive activation of poly(ADP-ribose) polymerase (PARP) has been proposed to play a key role in postischemic neuronal death. We examined the neuroprotective effects of the PARP inhibitors benzamide, 6(5H)-phenanthridinone, and 3,4-dihydro-5-[4-1(1-piperidinyl)buthoxy]-1(2H)-isoquinolinone in three rodent models of cerebral ischemia. Increasing concentrations of the three PARP inhibitors attenuated neuronal injury induced by 60 min oxygen-glucose deprivation (OGD) in mixed cortical cell cultures, but were unable to reduce CA1 pyramidal cell loss in organotypic hippocampal slices exposed to 30 min OGD or in gerbils following 5 min bilateral carotid occlusion. We then examined the necrotic and apoptotic features of OGD-induced neurodegeneration in cortical cells and hippocampal slices using biochemical and morphological approaches. Cortical cells exposed to OGD released lactate dehydrogenase into the medium and displayed ultrastructural features of necrotic cell death, whereas no caspase-3 activation nor morphological characteristics of apoptosis were observed at any time point after OGD. In contrast, a marked increase in caspase-3 activity was observed in organotypic hippocampal slices after OGD, together with fluorescence and electron microscope evidence of apoptotic neuronal death in the CA1 subregion. Moreover, the caspase inhibitor Z-VAD-FMK reduced OGD-induced CA1 pyramidal cell loss. These findings suggest that PARP overactivation may be an important mechanism leading to post-ischemic neurodegeneration of the necrotic but not of the apoptotic type. Cell Death and Differentiation (2001) 8, 921 ± 932.
Introduction
A pivotal role in the pathogenesis of neuronal death following cerebral ischemia is played by the massive release of excitotoxic glutamate and the excessive stimulation of ionotropic and metabotropic glutamate receptors. 1 ± 6 Postischemic injury is also exacerbated by the increased formation of free radicals, which is known to act in concert with glutamate receptor activation and cooperates in the genesis and propagation of neuronal damage. 7, 8 A mechanism whereby stimulation of glutamate receptors may lead to neuronal loss involves the activation of free radical generating enzymes, the formation of reactive species (including NO) that damage DNA, 9 and overactivation of poly(ADP-ribose) polymerase (PARP; EC 2.4.2.30). 10, 11 PARP, a nuclear enzyme also known as poly(ADPribose) synthetase or poly(ADP-ribose) transferase, has recently emerged as a key player in the mechanisms leading to cell death. PARP is activated by DNA strand breaks and catalyzes the attachment of chains of poly(ADP-ribose) (PAR) from its substrate NAD to a variety of nuclear proteins, including PARP itself. 12 When DNA damage is mild, PARP is thought to be involved in the maintenance of chromatin integrity. Conversely, overactivation of PARP in response to massive DNA damage has been proposed to play a`suicidal role', 13 ± 15 due to the marked depletion of NAD tissue stores and the resultant decrease in the rate of glycolysis, electron transport and ATP formation. When poly(ADP-ribosyl)ation is excessive, ATP is also consumed in attempts to regenerate NAD, eventually leading to cell death from disruption of oxidative metabolism. 16 ± 18 According to this view, glutamate has been shown to increase PAR immunoreactivity in cerebellar granule cells, 10 and a dramatic PAR formation and loss of NAD is observed following focal ischemia in rodents.
of the PARP gene provides substantial neuroprotection in the same experimental models. 19, 24 Benzamide, 6(5H)-phenanthridinone (PND), and 3,4-dihydro-5-[4-1(1-piperidinyl)buthoxy]-1(2H)-isoquinolinone (DPQ) are three PARP inhibitors with increasing degrees of potency and selectivity 25, 26 that have been previously utilized in a number of experimental studies. 16 We herein examine the neuroprotective effects of these agents in three different models of cerebral ischemia. In addition, in order to understand whether there is a correlation between PARP overactivation and the pattern of cell death we characterize the necrotic and apoptotic features of neurodegeneration induced by oxygen-glucose deprivation (OGD).
Results
Benzamide, PND and DPQ inhibit PARP activity in vitro
Benzamide, PND and DPQ inhibited PARP activity in a dosedependent manner when tested in an in vitro assay system ( Figure 1 ). Consistent with previous findings, 25, 26 PND and DPQ were more potent inhibitors than benzamide. The IC 50 values for their effects were 30+4 mM for benzamide, 5.7+0.2 mM for PND and 3.5+0.5 mM for DPQ.
PARP inhibitors protect cortical neurons against OGD injury
Exposure of mixed cortical cells to a high concentration (1 mM) of glutamate for 24 h induced a maximal degree of neuronal death. Phase-contrast microscopy revealed that virtually all neuronal cell bodies were damaged, whereas the underlying glial layer was not affected. 6 Complete neuronal death induced by 24 h exposure to glutamate was associated with a substantial (approximately fourfold the basal levels) efflux of lactate dehydrogenase (LDH) into the bathing medium. Exposure to OGD for 60 min produced an intermediate level of neuronal damage, as detected qualitatively by fluorescence microscopy in cells incubated with propidium iodide (PI) or quantitatively by measuring the release of LDH into the medium ( Figure 2A ). The release of LDH evoked by 60 min OGD was 74+6% of that observed by exposing the cultures to 1 mM glutamate for 24 h.
OGD neurotoxicity was attenuated in a dose-dependent manner when the PARP inhibitors benzamide, PND and DPQ were added to the incubation medium during the 60 min OGD challenge and the subsequent 24 h recovery period ( Figure 2A ). Significant neuroprotection was observed with 500 mM benzamide, 100 mM PND and 10 mM DPQ. The maximal degree of neuroprotection achieved with PARP inhibitors was comparable to that previously observed, in the same experimental protocol, with antagonists of ionotropic or group I metabotropic glutamate receptors. 6 ,27 DPQ at 10 mM proved to be neuroprotective also when added immediately or 30 min after the termination of OGD ( Figure 2B ).
PARP inhibitors do not protect organotypic hippocampal slices against OGD injury
When hippocampal slices incubated with PI were exposed to glutamate, fluorescence levels increased dramatically in virtually all neuronal populations. 6 Maximal damage was achieved in this system by exposing the slices to 10 mM glutamate for 24 h. Exposure to OGD for 30 min caused a fluorescence pattern in which PI staining was more intense in the CA1 area. 6, 27 Quantitative analysis carried out in the hippocampal CA1 subregion 24 h after the insult revealed that 30 min OGD produced PI fluorescence levels that were 72+4% of those observed when neuronal injury was maximal ( Figure 3A) .
Although ionotropic and group I metabotropic glutamate receptor antagonists were previously shown to attenuate CA1 injury in this experimental model, 6, 27 PND (10 ± 100 mM, the use of higher doses was precluded by the toxicity of the vehicle) and DPQ (10 ± 300 mM) failed to reduce the extent of OGD-induced neuronal death when added to the incubation medium during the 30 min insult and the subsequent 24 h recovery period ( Figure 3A) . Only benzamide among PARP inhibitors displayed a mild degree of neuroprotection, but this effect was not significant. 
PARP inhibitors do not protect CA1 pyramidal cells following global ischemia in gerbils
Seven days following transient bilateral carotid occlusion in gerbils, histological examination of hippocampal sections revealed that almost all (91+2%) pyramidal cells in the CA1 region were selectively and severely damaged ( Figure 3B ). Intraperitoneal administration of the AMPA receptor antagonist 6-nitro-7-sulphamoylbenzo[f]quinoxaline-2,3-dione (NBQX) (30 mg/Kg) at 0, 15 and 30 min following reperfusion induced a dramatic attenuation of post-ischemic cell loss ( Figure 3B ), in confirmation of Sheardown et al. 28 Similar neuroprotective results were previously obtained using a glycine antagonist and free radical scavenger, 29 kynurenine hydroxylase inhibitors, 30 or group I metabotropic glutamate receptor antagonists.
6,27 Figure 3B shows that benzamide and DPQ were unable to improve the survival of CA1 pyramidal cells following global ischemia in the gerbil. Both PARP inhibitors were administered using doses and multiple i.p. injection paradigms that are known to result in brain drug concentrations that are both effective in inhibiting PARP activity and neuroprotective in mice and rats. 22, 31, 32 Characterization of neuronal death in cortical cell cultures exposed to OGD Both necrotic and apoptotic neuronal death have been described following cerebral ischemia. 33 ± 35 In order to understand whether there was a correlation between the results observed with PARP inhibitors and the pattern of cell death, we examined the necrotic and apoptotic features of OGD-induced neurodegeneration in our in vitro experimental models using biochemical and morphological approaches.
The activation of caspase-3 has a central and exclusive role in the initiation and the execution of neuronal apoptosis. 36 We therefore examined caspase-3-like activity in cortical cultures exposed to OGD and to conditions that are known to induce either necrotic or apoptotic neuronal death. Exposure of cortical neurons to an intense excitotoxic insult such as 1 mM glutamate for 24 h induced complete neuronal death and massive release of LDH but no activation of caspase-3 ( Table 1 ), indicating that the type of cell death was necrotic. 37 In contrast, continuous application of the nonselective protein kinase C inhibitor staurosporine (100 nM) is known to cause apoptotic neuronal death in this system, 38 as confirmed by the marked increase in caspase-3 activity that was detected 24 h later ( Table 1) . Exposure of cortical cells to 60 min OGD induced a time-dependent efflux of LDH into the medium that was highest 24 h after the insult (data not shown). However, no significant activation of caspase-3 could be observed at any time point following OGD ( Table  1 ), suggesting that the involvement of apoptosis in OGDinduced neuronal death in this model is modest.
Morphological analysis of cortical cells exposed to the same experimental conditions supported this idea. Fluorescence microscopy of cultures stained with the nuclear dye Hoechst 33258 revealed typical apoptotic chromatin fragmentation only when cells were treated with 100 nM staurosporine for 24 h ( Figure 4B ). Apoptotic chromatin Figure 2 Benzamide, PND, and DPQ protect against OGD neurotoxicity in murine cortical cells. Mixed cortical cultures were exposed to 60 min OGD and 24 h neuronal death was assessed by measuring the release of LDH in the medium. Data are expressed as per cent of maximal damage, as produced by exposure to 1 mM glutamate for 24 h. Background LDH release was determined in control sister cultures not exposed to OGD and was subtracted from all experimental values. (A) Neuronal death was significantly reduced by addition of 0.5 ± 5 mM benzamide (BA), 100 mM PND, or 10 ± 100 mM DPQ to the incubation medium during OGD exposure and the subsequent 24 h recovery period. Each bar represents the mean+S.E.M. of at least five experiments. (B) DPQ was neuroprotective also when added during or at 0 and 30 min after OGD. Each point represents the mean+S.E.M. of at least three experiments. *P50.05 and **P50.01 vs OGD alone (ANOVA + Tukey's w-test) fragmentation could not be observed when 1 mM glutamate was present in the medium for 24 h, but virtually all neurons displayed round, small, and highly refringent nuclei, which is suggestive of necrotic cell death ( Figure  4C ). In cultures exposed to 60 min OGD, neuronal death was massive but devoid of apoptotic nuclear fragmentation 24 h later ( Figure 4D ). Electron microscopy revealed typical features of necrotic neuronal death in cultured cortical cells examined 6 h after exposure to 60 min OGD ( Figure 5 ). Neurons displayed nuclear and plasma membrane breaks ( Figure 5B ± D), large vacuoles as well as swollen mitochondria and organelles in a dispersed cytoplasm ( Figure 5C and D), and irregularly clumped chromatin ( Figure 5D ). Apoptotic signs of neurodegeneration could not be found. At the later time-point examined (24 h after OGD) almost all neuronal cells were replaced by debris and cellular residues, but no apparent signs of degeneration were observed in glial cells ( Figure 5E ).
Characterization of neuronal death in organotypic hippocampal slices exposed to OGD Incubation of organotypic hippocampal slices with relatively large concentrations (10 mM) of staurosporine for 24 h caused a 2.6-fold increase in caspase-3 activity, as compared with control cultures (Table 1) . Similarly to what was observed in cortical cell cultures, an intense excitotoxic insult (10 mM glutamate for 24 h) induced massive neuronal injury but no activation of caspase-3. In this model however, 30 min exposure to OGD led to a marked and time-dependent increase in caspase-3 activity that was prevented by the Table  1 ), suggesting that apoptosis may contribute to OGDinduced neuronal death in organotypic hippocampal slices. Accordingly, 100 and 300 mM Z-VAD-FMK reduced (by 19 and 44%, respectively) the OGD-induced increase in CA1 PI fluorescence when added to the incubation medium during the 30 min OGD insult and the subsequent 24 h recovery period (Table 2) . Morphological analysis of hippocampal slices stained with Hoechst 33258 confirmed this view by revealing that OGD was able to induce apoptotic condensation and fragmentation of chromatin in the CA1 subregion ( Figure  6D ). The number of apoptotic pyramidal cells was dramatically increased in hippocampal CA1 when cultures were exposed for 24 h to 10 mM staurosporine (set as 100% of apoptotic cells), was at control levels 24 h after exposure to 10 mM glutamate (8% of apoptotic cells), and was at intermediate but significantly increased levels (45% of apoptotic cells) 3 and 24 h after exposure to 30 min OGD (Table 3) . Staurosporine, but not OGD, was able to promote the appearance of apoptotic cells in other areas of the hippocampus, including the CA3 region (data not shown). The density of apoptotic cells in the CA1 region of hippocampal slices, as detected by the fluorescent FragEL DNA Fragmentation Detection Kit, was dramatically increased 24 h after OGD ( Figure 6F ). Electron microscopy revealed typical characteristics of apoptotic neuronal death in hippocampal slices exposed to OGD ( Figure 7 ). Six h after OGD, some neurons appeared normal ( Figure 7B ), but others displayed typical features of apoptosis, including clumped chromatin, a darkened cytoplasm with vacuoles, and membrane preservation ( Figure 7C ). Many neurons were damaged 24 h after OGD, displaying variable degrees of apoptotic degeneration ( Figure 7D ) or apoptotic bodies surrounded by glial cell processes ( Figure 7E ).
Discussion
Our results show that the PARP inhibitors benzamide, PND and DPQ dose-dependently attenuate OGD-induced neuro- Murine cortical cultures were exposed to 1 mM glutamate or 100 nM staurosporine for 24 h and to OGD for 60 min, whereas organotypic hippocampal slices were exposed to 10 mM glutamate or 10 mM staurosporine for 24 h and to OGD for 30 min. Z-VAD-FMK was present in the medium during the OGD insult and the subsequent 24 h recovery period. Caspase-3 activity was measured in the supernatant of lysed and spun cell or slice cultures after glutamate or staurosporine incubation or at the indicated period after OGD. Data are expressed as pmoles of¯uorescent rhodamine 110/10 6 cortical cells or hippocampal slice, and represent the mean+S.E.M. of at least four experiments. Staurosporine but not glutamate induced a marked increase in caspase-3 activity in both systems, whereas OGD induced a time-dependent, Z-VAD-FMK-sensitive, increase in caspase-3 activity only in hippocampal slices. **P50.01 vs basal; #P50.05 vs A (ANOVA + Tukey's wtest)
Cell Death and Differentiation PARP inhibitors in post-ischemic neuronal death F Moroni et al nal injury in mixed cortical cultures but fail to reduce hippocampal CA1 pyramidal cell loss in organotypic hippocampal slice cultures exposed to OGD or in gerbils following transient global ischemia. DPQ was neuroprotective in cortical cultures even when added up to 30 min after the OGD insult was terminated. Whereas OGD induced mostly necrotic neuronal death in cortical cultures, CA1 pyramidal cells of organotypic slices exposed to OGD displayed biochemical and morphological signs of apoptotic neurodegeneration. These findings suggest that PARP overactivation may be an important mechanism leading to post-ischemic neurodegeneration of the necrotic but not of the apoptotic type.
Our neuroprotection data corroborate and extend previous observations showing that benzamide and DPQ reduce neuronal death in cortical cultures exposed to OGD. 24 PARP inhibitors have also been demonstrated to attenuate excitotoxic damage in vitro 10, 11 and the infarct size following middle cerebral artery occlusion in mice 19 and rats, 20, 22, 23 even when administered up to 30 min postischemia. 21 The involvement of PARP activation in neuronal death following excitotoxicity and focal ischemia is further substantiated by the resistance to these types of insults observed in PARP gene-deleted mice 19, 24 and by the finding that the increased PAR immunoreactivity observed in focal ischemic animals is reduced by treatment with PARP inhibitors. 19 ± 21 Nevertheless, inhibition of PARP is not a universal protective strategy. Our results show that concentrations of PARP inhibitors that reduce OGD injury in cortical cells are without effect in organotypic hippocampal slices, and that administration paradigms of benzamide and DPQ previously shown to be neuroprotective in rodents 22, 31 do not prevent delayed CA1 pyramidal cell death in the gerbil model of global ischemia. These negative results are in line with a number of reports Murine cortical cultures were exposed to 1 mM glutamate for 24 h and to OGD for 60 min, whereas organotypic hippocampal slices were exposed to 10 mM showing that reduction of PARP activity by means of pharmacological or gene targeting strategies does not protect neuronal 39, 40 or non-neuronal 41 ± 43 cells against a variety of deleterious insults.
Because excitotoxicity, which is thought to occur by necrosis, 44 is an important component of ischemic neuronal death, a contribution of apoptosis was initially excluded in hypoxia-ischemia. More recently, features of both necrosis and apoptosis have been found in neurons after ischemic insults. Most investigators presently favor the view that programmed cell death and excitotoxicity are triggered in parallel in ischemic tissue, leading to a mosaic of morphological, and even biochemical, features.
± 35,45 ± 47
The occurrence or the prevalence of necrotic or apoptotic cell death in ischemic models depends on a number of factors including the intensity and the duration of the stimulus, the brain region and the type of cell involved, and the developmental stage and functional status of the neurons. In this study, evidence for apoptotic-like features included the following: increased caspase-3-like activity, neuroprotection with a caspase inhibitor, presence of fragmented apoptotic nuclei stained by Hoechst 33258, terminal deoxynucleotidyl transferase (TdT)-mediated DNA end-labeling with fluorescent deoxynucleotides, and the detection of apoptotic neurons and bodies by electron microscopy. All these methods produced concordant results, indicating that apoptosis contributes to neuronal death following OGD in organotypic hippocampal slices but not in cortical cell cultures. In order to avoid the possible obfuscation of apoptosis by secondary necrosis, 37 cortical cells were examined at various time points after the insult, which revealed a time-dependent release of LDH into the medium and the appearance of ultrastructural features of necrotic cell death. Neither caspase-3 activation nor morphological characteristics of apoptosis could be observed in this experimental model at any time point after OGD, confirming previous studies showing that OGD-induced injury in cortical cells leads to excitotoxic necrosis with no evidence of apoptosis. 48 In contrast, a marked increase in caspase-3 activity was observed in organotypic hippocampal slices after OGD, together with morphological evidence of apoptotic neuronal death in the CA1 subregion and reduction of CA1 pyramidal cell death by use of the caspase inhibitor Z-VAD-FMK. Similar results with a different caspase inhibitor have been recently obtained in the same experimental model. 49 At the ultrastructural level, apoptotic neurons were evident at 6 and 24 h after OGD. These results are somewhat in contradiction with those of a recent study where the type of cell death was judged to be necrotic, instead of apoptotic, 24 h after OGD in hippocampal slices. 50 We cannot explain this discrepancy, although it may depend on differences in the experimental protocols. It is worth noting, however, that the use of a number of alternative approaches confirmed our electron microscopy observations suggesting an involvement of apoptosis in this experimental model.
Our results suggest that PARP overactivation is involved in post-ischemic injury only when necrosis accounts for most of the neuronal death. Similar conclusions have been reached by investigations using fibroblasts 43 or transplanted mesencephalic neurons 40 from PARP-deficient mice. A consistent relationship between PARP activation and necrosis but not apoptosis has also been reported for a number of apparently conflicting results obtained in PARP deletion or inhibition studies. 43 For example, pharmacological and genetic inhibition of PARP is neuroprotective in stroke models, 16, 17 where the massive pan-cellular death of the lesion core is unequivocally necrotic. 51, 52 However, morphological features of apoptosis 53 and neuroprotection with interventions that selectively block the apoptotic cascade 54 ± 56 have also been described in focal ischemia, especially in the penumbral area or when the infarction evolves in a delayed fashion. 57 It therefore appears that apoptosis may be revealed under particular conditions in focal ischemia in vivo, similarly to what occurs in cortical cells in vitro, where apoptotic death can be unmasked by extending the OGD exposure to 490 min combined with the blockade of the excitotoxic component of OGD-induced neuronal death using ionotropic glutamate receptor antagonists. 58, 59 Interestingly, the brain tissue of mice protected against middle cerebral artery occlusion by genetic or pharmacological inhibition of PARP displays no change in apoptotic markers as compared with ischemic controls, 19 further suggesting that PARP activation mediates only the necrotic component of focal ischemic injury. We have not examined the necrotic or apoptotic features of CA1 pyramidal cell injury following global ischemia in the gerbil, but previous studies have shown that cell death in this model can coexist as apoptosis, 60 ± 62 necrosis 63 and hybrid forms along an apoptosis-necrosis continuum. 33 Taking our results together with these literature findings, it is tempting to suggest that data obtained in cultured cortical cells may be predictive of events occurring in focal ischemia, whereas OGD exposure in organotypic hippocampal slices may trigger processes that are similar to those evoked in global ischemia.
PARP may be transiently activated in the early phases of apoptosis, 64 but soon after the protein is cleaved and inactivated by caspase-3.
36,65 PARP cleavage in apoptosis is thought to prevent ATP depletion by PARP overactivation, preserving ATP and thus affording the energy required for the apoptotic active process. On the contrary, PARP overactivation leads to ATP intracellular depletion and energy deficit in necrotic cell death. It has been demonstrated that PARP activation determines the mode of cell death by regulating the intracellular levels of ATP and that ATP depletion can transform an ongoing apoptotic process into necrosis. 66, 67 Along this line, PARP activation appears to be required for necrosis, suggesting that poly(ADP-rybosyl)ation may be regarded as an active step in this cell death pathway. 43 PARP inhibitors may therefore be of therapeutic importance in brain pathologies where necrosis predominates.
Materials and Methods

Materials
DPQ was synthesized starting from 4-hydroxy-indan-1-one, which was submitted to a Schmidt reaction to give 5-hydroxy-isoquinolin-1(2H)-one. A sequential reaction with 1,4-dichlorobutane under phase transfer conditions and pyperidine then led to DPQ. Benzamide, glutamate and PND were purchased from Sigma-Aldrich (Milan, Italy), NBQX was from Tocris Cookson (Bristol, UK), and Z-VAD-FMK was from Calbiochem (La Jolla, CA, USA Partial puri®cation and measurement of PARP activity in vitro PARP was extracted and purified from the neonatal calf thymus according to Ito et al. 68 Briefly, a total of approximately 1 g (wet weight) of thymus was homogenized in 4 vol of a buffer containing 50 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 10% glycerol, 10 mM 2-mercapto-ethanol, and 50 mM sodium bisulfite. After centrifugation (12 0006g, 5 min), 150 ml of a 3.75% protamine sulfate solution was added to the supernatant while gently stirring on ice for 5 min. After brief centrifugation, the crude extract was applied on a DNA-agarose affinity chromatography column (2560.5 cm; 0.7 mg DNA/ml of bed volume of 4% agarose) and then eluted with 1.2 M NaCl. PARP activity was assayed in active fractions according to Banasik et al. 26 The reaction mixture (100 ml) containing 100 mM Tris-HCl (pH 8.0), 20 mM MgCl 2 , 5 mM dithiothreitol, 20 mg calf thymus sonicated DNA, 0.2 mCi [adenine-2,8-3 H]NAD, and 60 ml of partially purified enzyme preparation was incubated at 378C for 30 min. The reaction was terminated by adding 50% trichloroacetic acid and the radioactivity incorporated from [adenine-2, 8- 3 H]NAD into proteins was evaluated by liquid scintillation spectrometry.
Oxygen-glucose deprivation in cortical cell cultures
Primary cultures of mixed cortical cells containing both neuronal and glial elements were prepared as previously described. 6 Cerebral cortices were dissected from fetal mice at 14 ± 15 days of gestation, minced using medium stock [MS, composed of Eagle's Minimal Essential Medium (MEM, with Earle's salts, glutamine-and NaHCO 3 -free, GIBCO-BRL, San Giuliano Milanese, Italy) supplemented with 38 mM NaHCO 3 , glucose (final concentration 22 mM), 100 units/ml penicillin and 100 mg/ml streptomycin], and then incubated for 10 min at 378C in MS supplemented with 0.25% trypsin and 0.05% DNase. Enzymatic digestion was terminated by a second incubation (10 min at 378C) in MS supplemented with 10% heat-inactivated horse serum and 10% fetal bovine serum, following which the cells were mechanically disrupted and counted. After brief centrifugation, cells were suspended at a density of approximately 4610 5 cells/ml and plates in 15 mm multiwell vessels on a layer of confluent astrocytes using a plating medium of MS supplemented with 10% heatinactivated horse serum, 10% fetal bovine serum, and 2 mM glutamine. Cultures were kept in an incubator at 378C, 100% humidity, and 95% air/5% CO 2 atmosphere. After 4 ± 5 days in vitro (DIV), non-neuronal cell division was halted by the application of 3 mM cytosine arabinoside for 24 h. Cultures were then shifted to a maintenance medium identical to the plating medium but lacking fetal bovine serum, which was then partially replaced twice a week. Experiments were performed with mature cultures (14 ± 15 DIV).
OGD was induced in mixed cortical cultures as described. 6 The culture medium was replaced by thorough exchange with a glucosefree balanced salt solution (composition, in mM: 116 NaCl, 5.4 KCl, 0.8 MgSO 4 , 1 NaH 2 PO 4 , 26 HaHCO 3 , 1.8 CaCl 2 , 10 mg/L phenol red) which had previously been saturated with 95% N 2 /5% CO 2 and heated to 378C. Multiwells were then sealed into an airtight incubation chamber equipped with inlet and outlet valves and 95% N 2 /5% CO 2 was blown through the chamber for 10 min to ensure maximal removal of oxygen. The chamber was then sealed and placed into the incubator at 378C for 60 min. OGD was terminated by removing the cultures from the chamber, replacing the exposure solution with oxygenated MS, and returning the multiwells to the incubator under normoxic conditions. The extent of neuronal death was assessed 24 h later. In order to achieve a maximal degree of neuronal injury, mixed cortical cultures were exposed for 24 h to a high concentration (1 mM) of glutamate in MS at 378C, 100% humidity and 95% air/5% CO 2 atmosphere.
Oxygen-glucose deprivation in organotypic hippocampal slices
Organotypic hippocampal slice cultures were prepared as previously reported. 6 Briefly, the hippocampi were removed from the brain of 7-day-old Wistar rats and transverse slices (420 mm) were prepared using a McIlwain tissue chopper in a sterile environment. Isolated slices were first placed into ice-cold Hanks' balanced salt solution (HBSS, ICN Pharmaceuticals, Opera, MI, Italy) supplemented with 5 mg/ml glucose and 1.5% Fungizone 1 (GIBCO-BRL) and then transferred to humidified semiporous membranes (30 mm Millicell-CM 0.4 mm tissue culture plate inserts, Millipore, Rome, Italy; 4 per membrane). These were placed in 6-well tissue culture plates containing 1.2 ml of culture medium containing 50% Eagle's MEM (ICN Pharmaceuticals), 25% heat-inactivated horse serum, 25% HBSS, 5 mg/ml glucose, 1 mM glutamine and 1.5% Fungizone 1 . Slices were maintained at 378C, 100% humidity, and 95% air/5% CO 2 atmosphere and the medium was changed every 4 days. Experiments were carried out after 14 DIV.
OGD was induced in organotypic hippocampal cultures as previously described in detail. 6 Slices were preincubated for 30 min in serum-free medium and then subjected to OGD by exposing them to a serum-free medium devoid of glucose and previously saturated with 95% N 2 /5% CO 2 . Following 30 min incubation at 378C in the airtight anoxic chamber, the cultures were transferred to oxygenated serumfree medium containing 5 mg/ml glucose and 5 mg/ml PI and returned to the incubator under normotoxic conditions until neuronal injury was evaluated 24 h later. Maximal damage was achieved in this system by exposing the slices for 24 h to 10 mM glutamate in the incubator using serum-free medium.
Assessment of neuronal injury in vitro
Cell damage in mixed cortical cultures was quantitatively evaluated by measuring the amount of LDH released from injured cells into the extracellular fluid 24 h following exposure to OGD or glutamate, as previously described. 6 The LDH level corresponding to complete neuronal death (without glial death) was determined for each experiment by assaying sister cultures exposed to 1 mM glutamate for 24 h. Background LDH release was determined in control cultures not exposed to OGD and was subtracted from all experimental values. The resulting value correlated linearly with the degree of cell loss estimated by observation of cultures under phase ± contrast microscopy or under bright-field optics following 5 min incubation with 0.4% trypan blue, which stains debris and nonviable cells.
Cell injury was assessed in organotypic hippocampal cultures using PI, a polar dye which enters the cells only if the membrane is damaged and becomes fluorescent upon binding to DNA 6 PI fluorescence was viewed using an Intracellular Imaging Inc. (Cincinnati, OH, USA) imaging system, consisting of a Xenon-arc lamp, a Nikon TMS-F inverted microscope equipped with a Groony TM fluorescence optics module for epi-illumination, a low power objective (46) , and a rhodamine single-wavelength filter set (Omega Optical )-5727). Images were digitized using a video image obtained by a CCD camera controlled by software (InCyt Im1 TM , Intracellular Imaging Inc.) and subsequently analyzed using the Image-Pro Plus morphometric analysis software (Media Cybernetics, Silver Spring, MD, USA). In order to quantify cell death, the CA1 hippocampal subfield was identified under phase ± contrast optics and encompassed by a frame using the drawing function in the image software. PI fluorescence was then collected without moving the tissue culture plate mounted on the microscope stage. A PI fluorescence intensity measurement for any given subfield consisted of the mean of the fluorescence intensity values of each pixel in the area defined by the frame. Previous experiments, 6, 27 as well as a number of studies using organotypic hippocampal slices exposed to ischemia-related insults, 69 ± 73 have shown that there is a linear correlation between relative PI fluorescence and the number of injured cells as detected by morphological criteria. Percentage of cell death in each experiment was expressed as: % death=100 (F 24 ± F B )/(F max ± F B ), 72 where F 24 is subfield fluorescence 24 h after exposure to OGD, F B is background PI fluorescence determined in control slices, and F max is maximal fluorescence after complete neuronal death induced by 24 h exposure to 10 mM glutamate. In some experiments, mixed cortical cell cultures were incubated with 3.5 mg/ml PI for 20 min at 378C following exposure to OGD and then observed as described above but with a 106 power epifluorescence objective.
Transient global ischemia and assessment of CA1 pyramidal cell injury in gerbils Gerbils were exposed to transient ischemia as previously described. 29 Briefly: the animals were anesthetized with a mixture of 2% halothane, 75% nitrogen and 20% oxygen. Through a ventral midline neck incision, both common carotid arteries were isolated and occluded for 5 min using micro-arterial clamps. At the end of the occlusion period, the clamps were released allowing restoration of carotid blood flow and the incision was sutured. Body temperature was monitored and maintained at 378C with a rectal thermistor and heating pad until the animals had fully recovered from anesthesia. Seven days after the ischemic insult, the gerbils were sacrificed by decapitation, their brains rapidly removed and frozen in dry ice. Coronal sections (20 mm) were cut in a cryostat and stained with toluidine blue. At least four microscopic sections for each animal were analyzed. Hippocampal injury was assessed quantitatively by counting the number of CA1 pyramidal cells appearing histologically normal. The experimental protocol was carried to the Italian guidelines for animal care (DL 116/ 92) in application of the European Communities Council Directive (86/ 609/EEC) and was formally approved by the Animal Care Committee of the Department of Pharmacology of the University of Florence.
Drug administration protocols
Stock solutions of PARP inhibitors were prepared for the in vivo OGD experiments by dissolving benzamide at 500 mM in balanced salt solution, DPQ at 10 mM in a solution containing 2.5% ethanol, 0.5% dymethyl sulfoxide and 1% HCl, and PND at 100 mM in dimethylformamide. Drugs were then diluted in balanced salt solution and added to the incubation medium of cortical cell and organotypic hippocampal cultures during the OGD insult and the subsequent 24 h recovery period.
For the in vivo global ischemia experiments, benzamide was dissolved in saline and DPQ and NBQX in 100% dymethyl sulfoxide and then injected intraperitoneally in a volume of 50 ml. Controls received an equal amount of vehicle. Three 30 mg/Kg i.p. injections of the AMPA receptor antagonist NBQX were administered at 0, 15 and 30 min after reperfusion. Because in preliminary experiments single doses of benzamide and DPQ failed to show a protective effect and the half-life of the compounds is unknown, three multiple injection paradigms were selected. Protocol 1 consisted of two injections (2 h before and 2 h after bilateral carotid occlusion) of either benzamide at 160 mg/Kg or DPQ at 10 mg/Kg, and was very similar to protocols previously used for benzamide 31 and DPQ 22 in neuroprotection studies in rodents. Protocol 2 consisted of three injections of either benzamide at 60 mg/Kg or DPQ at 20 mg/Kg within 30 min postischemia (at 0, 15 and 30 min following reperfusion) and protocol 3 of four injections of DPQ (at 10 or 30 mg/Kg) within 360 min postischemia (at 0, 60, 180 and 360 min following reperfusion). In a previous gerbil study, a late injection at 360 min following reperfusion proved to be crucial in order to obtain neuroprotection with (mnitrobenzoyl)-alanine. 30 
Measurement of caspase-3 like activity
The EnzChek TM Caspase-3 Assay Kit #2 was used to measure increases in caspase-3 and other Asp-Glu-Val-Asp (DEVD)-specific protease activities in cortical cultures and organotypic hippocampal slices. The assay is based on the use of a bisamide derivative of rhodamine 110, containing DEVD peptides covalently linked to each of the dye amino groups, thereby suppressing its fluorescence. Upon enzymatic cleavage, the nonfluorescent bisamide substrate is converted in a two-step process to rhodamine 110, which exhibits fluorescent spectral properties similar to those of fluorescein. Mixed cortical cultures were harvested and washed in phosphate-buffered saline. After brief centrifugation, cell pellets were resuspended in lysis buffer (Component C) and incubated at 48C for 30 min. Lysed cells were then centrifuged (5 min at 5000 r.p.m.) and the supernatants used to detect caspase-3 proteolytic activity. Organotypic hippocampal slices were washed with phosphate-buffered saline and exposed to the lysis buffer at 48C for 10 min, with brief sonication. The resulting suspension was then centrifuged (5 min at 5000 r.p.m.) and the supernatants used for the enzymatic activity. The assay was performed by adding 50 ml of reaction buffer (Component D, final concentration: 10 mM PIPES, pH 7.4, 2 mM EDTA, 5 mM dithiothreitol, 0.1% CHAPS, and 50 mM benzyloxycarbonyl-DEVD-rhodamine 110 substrate) to 50 ml of the supernatants. After incubating the samples at room temperature for 30 min, fluorescence was measured with a fluorometer set at 496 nm excitation and 520 nm emission. Data were calculated as pmoles of rhodamine 110/10 6 cortical cells or hippocampal slice.
Microscope analysis of cell necrosis and apoptosis
Nuclear morphological features of necrotic and apoptotic degeneration were analyzed by fluorescence microscopy with the nuclear dye Hoechst 33258 (bis-benzimide). Mixed cortical cells were fixed with 4% paraformaldehyde for 30 min, washed in phosphate-buffered saline, and then incubated for 10 min at 378C with 1 mg/ml Hoechst 33258. Similarly, organotypic hippocampal slices were fixed with 4% paraformaldehyde for 6 h, washed, removed from the membranes and mounted on slides, and then incubated with the dye for 15 min. After washing in phosphate-buffered saline, cells and slices were viewed for nuclear chromatin morphology in an Olympus IX50 fluorescence inverted microscope equipped with an Olympus WU filter set (excitation: 330 ± 385 nm) and a 206 (for cortical cells) or 406 (for organotypic slices) objective. Normal cells were identified by intact round-shaped nuclei with diffuse fluorescence and necrotic cells by highly refringent smaller nuclei with uniformly dispersed chromatin. Because nuclear condensation is a feature of both necrosis and apoptosis, only cells displaying nuclear fragmentation and blebbing were considered apoptotic. In organotypic hippocampal slices, fragmented apoptotic nuclei were counted in three CA1 fields per slice, averaged, and expressed as mean number of apoptotic cells per field of at least six slices.
In a different set of experiments, the Fluoroscein-FragEL TM DNA Fragmentation Detection Kit was used to detect apoptotic cells in organotypic hippocampal cultures. In the kit, terminal deoxynucleotidyl transferase (TdT) binds to exposed 3'-OH ends of DNA fragments generated in response to apoptotic signals and catalyzes the addition of fluorescein-labeled deoxynucleotides. Slices were fixed with 4% paraformaldehyde for 6 h, removed from the semiporous membranes and mounted on gelatin-coated slides. They were then washed in 20 mM Tris (pH 7.6)-buffered saline for 15 min, covered with a solution containing 2 mg/ml proteinase K in 10 mM Tris (pH 8.0) and incubated for 10 min. After washing again, slices were covered with TdT equilibration buffer for 30 min and then with the TdT labeling reaction mixture (containing TdT and the deoxynucleotides) for 1.5 h at 378C. Slides were then washed and coverslips were applied. Fluorescence microscopy was carried out with the Intracellular Imaging Inc. imaging system using a 106 epifluorescence objective and a fluorescein single-wavelength filter set (Omega Optical O-5716). In preliminary experiments using a variety of stimuli (staurosporine, NMDA, OGD), the relative intensity of DNA fluorescence observed using the FragEL Fragmentation Detection Kit was proportional to the number of apoptotic cells identified with the nuclear dye Hoechst 33258.
For electron microscopy, cultures were directly fixed for 30 min at room temperature with a mixture of 2% formaldehyde and 2.5% glutaraldehyde in 0.1 mM cacodylate buffer (pH 7.4). Cells or slices were removed from the culture dishes with a scraper, osmicated and embedded in Epon. Ultrathin sections were stained with uralyl acetate and lead citrate and observed in a Jeol 1010 (Tokyo, Japan) electron microscope at 80 kV.
